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We construct an effective chiral Lagrangian for hadrons implemented by the conformal invariance
and discuss the properties of nuclear matter at high density. The model is formulated based on two
alternative assignment, “naive” and mirror, of chirality to the nucleons. It is shown that taking the
dilaton limit, in which the mended symmetry of Weinberg is manifest, the vector-meson Yukawa
coupling becomes suppressed and the symmetry energy becomes softer as one approaches the chiral
phase transition. This leads to softer equations of state (EoS) and could accommodate the EoS
without any exotica consistent with the recent measurement of a 1.97 ± 0.04M⊙ neutron star.
PACS numbers: 21.30.Fe, 12.39.Fe, 21.65.Mn
1. INTRODUCTION AND RESULTS
The state of cold dense matter in the vicinity of phase
transition from baryonic matter to quark matter pre-
sumed to be present in the interior of compact stars is
not understood at all. This is because there is no realis-
tic model-independent tool to probe that regime. In this
paper, inspired by Weinberg’s notion of “mended symme-
try” [1, 2], we would like to explore the possibility that in
baryonic matter at some high density, there emerge in the
chiral limit a multiplet of massless particles consisting of
Goldstone bosons as well as other massless particles to fill
out a full representation of the chiral symmetry group of
QCD. This issue is relevant not only for the phase struc-
ture of dense baryonic matter but also for understanding
certain astrophysical properties of compact stars that are
being observed. This has a potentially intriguing impli-
cation on the recently observed 1.97 ± 0.04M⊙ neutron
star [3] as will be explained in the concluding section.
Before entering into the details of our reasoning, we
should underline our basic assumption. We will assume
that as one approaches the chiral restoration point in
density, local fields continue to be relevant degrees of
freedom. There are at present neither strong theoretical
arguments nor experimental indications for the validity of
such an assumption. Should it turn out that the notion of
local fields makes no sense at high density in the vicinity
of the chiral phase transition, then what we present in
what follows would have no value. If however the notion
made sense, then the proposed scenario would have an
important implication on what happens to the repulsive
core, a long-standing mystery in nuclear physics and a
crucial ingredient for the physics of compact stars. We
will find that as one approaches the critical density, the
repulsion should be strongly suppressed, a result which
has not been previously uncovered.
In the broken symmetry sector, the symmetry of
such multplets is not “visible.” Involving massless vec-
tor fields, what is at issue would then be (hidden) gauge
symmetry manifesting explicitly at a possibly second or-
der phase transition. In fact the hidden local symme-
try (HLS) theory of Harada and Yamawaki [4] with the
vector manifestation (VM) fixed point with the vector
mesons joining the pions in the same multiplet is pre-
cisely of this class. One should note that the symmetry
involved here is a flavor symmetry, which is of course not
a fundamental symmetry contained in QCD. It should
more appropriately be viewed as an “emergent symme-
try” – analogously to the CPN−1 model –, and as such
can be extended, starting from 4D low-energy theorems,
to an infinite tower of gauge fields leading to a decon-
struction of the fifth dimension in 5D Yang-Mills the-
ory [5].#1 Whether or not and how the massless mult-
plets can manifest themselves at a phase transition such
as chiral restoration are totally unknown and constitute
the main line of research in nuclear/hadron as well as
astro-hadron physics.
The question we would like to raise here is: How to ex-
ploit the properties of hidden local symmetry in unravel-
ing dense baryonic matter?#2 For this purpose, we first
note that there are two indispensable degrees of freedom
that are missing in HLS Lagrangian, i.e., baryons and
scalars. The HLS Lagrangian contains, apart from the
pions, vector mesons but no scalars. In nuclear physics,
as we know from Walecka model [8] that works fairly well
for phenomena near nuclear matter density, together with
the vector mesons (ρ, ω), a scalar meson is indispensable,
e.g., for binding. Now the scalar that figures in Walecka
model cannot be the scalar of the linear sigma model, for
if it were that scalar, nuclear matter would be unstable.
In fact it has to be a chiral scalar. On the other hand,
at high density, the relevant Lagrangian that has cor-
#1 We note that such a Lagrangian arises also top-down from string
theory [6].
#2 The same question was raised for high temperature, particularly,
in connection with dilepton productions in heavy-ion collisions
in [7].
2rect symmetry is the linear sigma model, and the scalar
that is needed there is the fourth component of the chiral
four-vector (π1, π2, π3, σ). Thus in order to probe highly
dense matter, we have to figure out how the chiral scalar
at low density transmutes to the fourth component of the
four-vector. We should stress that this is a part of the
long-standing scalar puzzle in low-energy hadron physics,
which remains still highly controversial.
In this work, in the same spirit as what entered in
the formulation of BR scaling [9], a chiral scalar will be
introduced as a dilaton associated with broken conformal
symmetry and responsible for the trace anomaly of QCD.
Following [10], we write the trace anomaly – which is
proportional (in the chiral limit) to the gluon condensate
〈GµνGµν〉 – in terms of “soft” dilaton χs and “hard”
dilaton χh. As suggested in [11], we will associate the
soft dilaton with that component locked to the quark
condensate 〈q¯q〉. We assume that this is the component
which “melts” across the chiral phase transition, with the
hard component remaining non-vanishing #3.
As for baryons, the best way would be that they are
generated as solitons in HLS theory. As stressed since
a long time [13], baryons generated as skyrmions in the
presence of vector mesons could most efficiently capture
the strong-coupling physics needed for nuclear interac-
tions both at nuclear matter density and at higher den-
sities. Indeed this point is given a support by a recent
calculation of finite nuclei in terms of BPS skyrmions
obtained from an infinite-tower HLS Lagrangian where
the higher tower is integrated out [14]. It works much
better than the standard skyrmion model without vector
mesons in capturing the dynamics of few-body nuclear
systems. It may be viewed as an additional support for
the power of the HLS strategy advocated in [13]. Un-
fortunately a controlled systematic treatment of many-
nucleon systems is mathematically involved and has not
been worked out except for certain topologically robust
properties [15] that will be mentioned below. We will
therefore put nucleon fields by hand by coupling them in
hidden gauge invariant way to the mesons π, ρ, ω and to
the scalar dilaton.
In introducing baryonic degrees of freedom, there are
two alternative ways of assigning chirality to the nucle-
ons. One is the “naive” assignment #4 and the other
the mirror assignment. The “naive” assignment is an-
chored on the standard chiral symmetry structure where
the entire constituent quark or nucleon mass (in the chi-
ral limit) is generated by spontaneous symmetry break-
ing. The nonlinear sigma model (and its gauge-equivalent
HLS model) is the typical example of this type. The
merit of this model is that it is consistent with the con-
#3 The “melting” of the soft component is observed in dynamical
lattice calculation in temperature [12] but is an assumption in
density.
#4 We put this terminology in a quotation mark since it is a mis-
nomer, used merely to distinguish it from the alternative option.
stituent quark model which enjoys the successful mass
relation mB/mρ ≃ 3/2 where mB is the average of the
nucleon and ∆ masses. The constituent quark model is
supported by large Nc considerations not only at low-
energy scale but also at intermediate-energy scale [16].
Whether it is a viable model at shorter-scale as in high
density is of course not known.
The alternative, mirror assignment [17, 18], allows a
chiral invariant mass term common to the parity-doublets
that can remain non-zero at chiral restoration, which
means that a part of the nucleon mass, say, m0, must
arise from a mechanism that is not associated with spon-
taneous chiral symmetry breaking. The origin of such a
mass m0 is not known, but a` priori, there is no reason
why it cannot be present. At present, analysis of vari-
ous observables both in the vacuum such as pion-nucleon
scattering etc. and in medium such as nuclear matter
properties etc. based on linear and nonlinear sigma mod-
els with mirror symmetry [19, 20] cannot rule out an m0
of a few hundred MeV. If m0 is non-negligible, then the
direct relation of masses between baryons and mesons
enjoyed by the constituent quark model will no longer
be obvious even if it still holds. Nonetheless there is a
motivation for considering this scenario.
There is an unexpected indication from simulations of
skyrmion matter on crystal lattice to introduce density
that the meson and baryon masses behave differently in
increasing density: the baryon mass appears to drop at a
slower rate than the meson mass as density is increased
and may not vanish at the chiral restoration point. This
is an outcome of the model albeit at large Nc, not put
in ab initio. Such a different in-medium behavior be-
tween mesons and baryons is found to have an important
consequence on the nuclear tensor forces and hence on
the EoS of baryonic matter at densities exceeding the
nuclear matter density [21]. Given that the EoS involves
shorter-length scale than that probed by vacuum and nu-
clear phenomenology, the mirror scenario combined with
HLS may prove to be relevant for EoS at high density.
The objective of this paper is to explore the conse-
quences of a dilaton-implemented HLS (dHLS for short)
Lagrangian containing baryons both in the “naive” and
the mirror assignments at normal as well as high densi-
ties. The strategy we will use to drive the system from
nuclear matter density to near chiral restoration den-
sity is the “dilaton limit” proposed by Beane and van
Kolck [22]. Phenomenology of vacuum processes with
this Lagrangian will be discussed elsewhere [23].
As a brief summary of the results, we note that the
dHLS model at nuclear matter density in mean field in
the “naive” assignment scheme is equivalent to Walecka’s
mean-field model, with the scalar figuring as a chiral
scalar. We expect that the same should hold in the mirror
assignment if the model applied at normal nuclear mat-
ter density. As the dilaton limit is taken, a linear sigma
model in both assignments emerges from the highly non-
linear dHLS structure with the ρ and ω mesons decou-
pling from the nucleons. This transmutation is highly
3nonlinear involving singularities. A striking prediction of
this procedure is that the vector-meson–nucleon vector
coupling goes to zero at the dilaton limit. This simply
means that as the dilaton limit is approached as density
increases, two hitherto unexpected phenomena could oc-
cur. Firstly the well-known ω-nucleon interaction known
to be repulsive at low density should get strongly sup-
pressed at high density. Secondly the nuclear symmetry
energy denoted in the literature as Esym that encodes
the energy cost in the excess of neutrons in compact-star
systems should also get weaker. An immediate conse-
quence would be that the EoS of dense matter, particu-
larly of compact-star matter, will be softened at higher
density. This result is a distinctive feature of the HLS
structure of the model that is not present in the absence
of HLS vector mesons. An intriguing question is what
effect this “quenching” of the repulsive core will have on
the recently observed 1.97 M⊙ neutron star. This ques-
tion is highly pertinent to the recent description of the
1.97 M⊙ neutron star in terms of a three-layered struc-
ture of the compact star consisting of nuclear matter,
kaon condensed nuclear matter and strange-quark mat-
ter [24]. The suppression of repulsion or effectively an
attraction at high density will clearly have an important
impact on stabilizing 2-solar-mass stars. This issue will
be addressed elsewhere.
2. THE HLS MODEL WITH DILATONS
Following the two-component concept for dilatons pro-
posed in [10], the dilaton potential written in terms of soft
χs and hard χh components
V (χ) = Vs(χs) + Vh(χh) , (2.1)
will be assumed to have a negligible mixing between soft
and hard sectors in order to avoid an undesirably strong
coupling of the glueball to pions. The expectation value
of χs is assumed to vanish when chiral symmetry is re-
stored [11], whereas the one of χh remains finite, repre-
senting the “explicit breaking” of conformal invariance,
i.e., the scale anomaly in QCD. It was shown in [11]
with an HLS Lagrangian that the soft dilaton plays an
important role in the emergence of a half-skyrmion phase
at high density where a skyrmion turns into two half
skyrmions [15]. In the subsequent sections we construct
an effective theory for the soft dilaton#5, pions and vec-
tor mesons to go from non-linear basis (HLS) to a linear
basis, which enables us to deal readily with the scalar
degree of freedom near the chiral symmetry restoration.
#5 Unless otherwise stated, we will denote the soft dilaton simply
by χ while the hard component which plays no role in taking
the dilaton limit but figures as the source for m0 in the mirror
assignment will be kept as χh.
The 2-flavored HLS Lagrangian#6 is based on a
Gglobal × Hlocal symmetry, where Gglobal = [SU(2)L ×
SU(2)R]global is the chiral symmetry and Hlocal =
[SU(2)V ]local is the HLS. The whole symmetry Gglobal ×
Hlocal is spontaneously broken to a diagonal SU(2)V .
The basic quantities are the HLS gauge boson, Vµ, and
two matrix valued variables ξL, ξR, which are combined
in a 2× 2 special-unitary matrix U = ξ†LξR. These vari-
ables are parameterized as
ξL,R(x) = e
iσ(x)/Fσe∓ipi(x)/Fpi , (2.2)
where π = πaTa denotes the pseudoscalar Nambu-
Goldstone (NG) bosons associated with the spontaneous
symmetry breaking of Gglobal chiral symmetry, and σ =
σaTa denotes the NG bosons associated with the sponta-
neous breaking of Hlocal
#7. The σ is absorbed into the
HLS gauge boson through the Higgs mechanism and the
gauge boson acquires its mass. Fpi and Fσ are the decay
constants of the associated particles.
The fundamental objects are the Maurer-Cartan 1-
forms defined by
αˆµ⊥ =
1
2i
[
DµξR · ξ†R −DµξL · ξ†L
]
,
αˆµ‖ =
1
2i
[
DµξR · ξ†R +DµξL · ξ†L
]
. (2.3)
where the covariant derivatives of ξL,R are given by
DµξL = ∂µξL − iVµξL + iξLLµ ,
DµξR = ∂µξR − iVµξR + iξRRµ , (2.4)
with Lµ and Rµ being the external gauge fields intro-
duced by gauging Gglobal. The Lagrangian with lowest
derivatives is given by [25]
LM = F 2pi tr [αˆ⊥µαˆµ⊥] + F 2σ tr
[
αˆ‖µαˆ
µ
‖
]
− 1
2g2
tr [VµνV
µν ] ,
(2.5)
where g is the HLS gauge coupling and the field strengths
are defined by Vµν = ∂µVν − ∂νVµ− i [Vµ, Vν ] . One finds
the vector meson mass as
mV = g Fσ . (2.6)
The nucleon part with HLS is given by [25]
LN = N¯(i /D−mN )N + gAN¯ /ˆα⊥γ5N + gV N¯ /ˆα‖N , (2.7)
with the covariant derivative Dµ = ∂µ − iVµ and dimen-
sionless parameters gA and gV .
Conformal invariance can be embedded in chiral La-
grangians by introducing a scalar field χ˜ via χ = Fχχ˜
#6 In this paper, we consider Nf = 2, with the Nf = 3 case taken
up later when kaon dynamics is addressed.
#7 This σ has nothing to do with the scalar meson in the linear
sigma model, but it is the longitudinal part of the vector meson.
4and κ = (Fpi/Fχ)
2 [22]. The HLS Lagrangian with a
dilaton potential describing the scale anomaly [26] is ex-
tended to be
L = LN + LM + Lχ , (2.8)
LN = N¯ i /DN −
√
κ
Fpi
mNN¯Nχ+ gAN¯ /ˆα⊥γ5N + gV N¯ /ˆα‖N ,
(2.9)
LM = κχ2 tr [αˆ⊥µαˆµ⊥] + aκχ2 tr
[
αˆ‖µαˆ
µ
‖
]
− 1
2g2
tr [VµνV
µν ] ,
(2.10)
Lχ = 1
2
∂µχ · ∂µχ+
κm2χ
8F 2pi
[
1
2
χ4 − χ4 ln
(
κχ2
F 2pi
)]
,
(2.11)
where a = (Fσ/Fpi)
2 and mχ is the mass of the dilaton.
3. LINEARIZATION OF THE MODEL
Near chiral symmetry restoration the quarkonium
component of the dilaton field becomes a scalar mode
which forms with pions an O(4) quartet [22]. This can
be formulated by making a transformation of a non-linear
chiral Lagrangian to a linear basis exploiting the dilaton
limit. One can think of going to the dilaton limit as going
toward the chiral restoration point. It should however be
stressed that how the process takes place in going to that
limit cannot be addressed. We will simply take the ef-
fective Lagrangian that results in the dilaton limit as the
Lagrangian relevant in the vicinity of chiral restoration.
In this section we derive a linearized Lagrangian assum-
ing two different chirality assignments to the positive and
negative nucleons. Models with the “naive” assignment
describe the nucleon mass which is entirely generated by
spontaneous chiral symmetry breaking, whereas the mir-
ror assignment allows an explicit mass term consistently
with chiral invariance [17, 18].
3.1. The “naive” model
Following [22] we introduce new fields as
Σ = Uχ
√
κ = ξ†LξRχ
√
κ = s+ i~τ · ~π , (3.1)
N = 1
2
[(
ξ†R + ξ
†
L
)
+ γ5
(
ξ†R − ξ†L
)]
N , (3.2)
with the Pauli matrices ~τ in the isospin space. The lin-
earized Lagrangian includes terms which generate singu-
larities, negative powers of tr
[
ΣΣ†
]
, in chiral symmetric
phase. Those terms carry the following factor:
XN = gV − gA , Xχ = 1− κ . (3.3)
Assuming that nature disallows any singularities in the
case considered, we require that they be absent in the
Lagrangian, i.e. XN = Xχ = 0. We find κ = 1 and
gA = gV . A particular value, gV = gA = 1, recovers the
large Nc algebraic sum rules [22]. Thus, we adopt the
dilaton limit as
κ = gA = gV = 1 . (3.4)
In this limit one finds
L = N¯ i/∂N − mN
2Fpi
N¯ [Σ+ Σ† + γ5 (Σ− Σ†)]N + 1
4
tr
[
∂µΣ · ∂µΣ†
]
+
a
2i
tr
[(
Σ∂µΣ
† +Σ†∂µΣ
)
V µ
]
+
a
2
tr
[
ΣΣ†
]
tr [VµV
µ] − 1
2g2
tr [VµνV
µν ]
+
m2s
64F 2pi
(
tr
[
ΣΣ†
])2 − m2s
32F 2pi
(
tr
[
ΣΣ†
])2
ln
(
tr
[
ΣΣ†
]
2F 2pi
)
, (3.5)
where the unitary gauge σ = 0 is taken and the dilaton mass mχ is replaced with the mass of the effective scalar
mode ms.
A noteworthy feature of the dilaton-limit Lagrangian
(3.5) is that the vector mesons decouple from the nucle-
ons while their coupling to the Goldstone bosons remains.
As announced in Introduction, this has two striking new
predictions. Taking the dilaton limit drives the Yukawa
interaction to vanish as g2V N = (g (1 − gV ))2 → 0 for
V = ρ, ω for any finite value of g. In HLS for the me-
son sector, the model has the vector manifestation (VM)
fixed point as one approaches chiral restoration, so the
HLS coupling g also tends to zero proportional to the
quark condensate. It thus follows that combined with
the VM, the coupling gV N will tend to vanish rapidly
near the phase transition point. In nuclear forces, what
is effective is the ratio g2V N/m
2
V which goes as (1− gV )2.
This means that (1) the two-body repulsion which holds
two nucleons apart at short distance will be suppressed
in dense medium and (2) the symmetry energy going as
Ssym ∝ g2ρN will also get suppressed. As a principal con-
5FIG. 1: Three-body interaction with the omega-meson ex-
change. When the intermediate state in the middle nucleon
leg is higher-lying than the nucleon, it can become an irre-
ducible 3-body force in the sense defined in chiral perturba-
tion theory in a form of contact interaction when the ω fields
are integrated out.
sequence, the EoS at some high density approaching the
dilaton limit will become softer even without such exotic
happenings as kaon condensation or strange quark mat-
ter.
It has been argued that the short-range point-like
three-neutron force essentially constrains the maximum
mass of the neutron star [27]. In the “naive” assignment,
we can have such a three-body force from the ω-exchange
graph given in Fig. 1. It was suggested in [28] that the
same three-body force is predominantly responsible for
the suppressed Gamow-Teller matrix element accounting
for the long life-time of 14C. Since the same suppression
can be explained very well by Brown-Rho scaling in the
nuclear tensor forces without three-body forces [29], there
may be considerable overlap between the various mech-
anisms evoked for the process.#8 Similar overlap may
be at work for the EoS of the neutron stars and it may
be dangerous to draw conclusions based on one partic-
ular model or scheme. In the present scheme with the
dilaton encoding the scaling property, both three-body
forces and scaling properties can be – and should be –
consistently taken into account.
In the present scheme, the shortest-range component
of the three-body forces is given by the graph of Fig. 1.
The intermediate states entering in the middle nucleon
line should be higher-lying than nucleon and hence could
be integrated out. The resulting effective NNωω vertex
is expected to be smooth-varying in density, remaining
finite in the dilaton limit. Therefore the three-body po-
tential of Fig. 1 will carry the factor g2ωN that vanishes
in the dilaton limit. The one-pion exchange three-body
#8 In contrast to [28] where the contact interaction is seen to play a
key role in the GT suppression, a calculation using ab initio no-
core shell model (NCSM) [30] finds that the requisite suppression
is primarily driven by the long-range two-pion exchange three-
body force and not by the contact interaction. The variety of
different mechanisms that are seemingly successful are clearly not
independent of each other in nuclear structure physics, pointing
to the subtlety in which chiral symmetry can be manifested in
nuclear medium [31].
force involving a contact two-body force will also get sup-
pressed as ∼ g2ωN . Thus only the longest-range two-pion
exchange three-body forces will remain operative at large
density in compact stars. How this intricate mechanism
affects the EoS at high density is a challenge issue to
resolve.
3.2. The mirror model
The Lagrangian of mirror nucleons in the non-linear
realization without vector mesons was considered in [20].
Its HLS-extended form is found to be
LN =B¯i /DB + gAB¯ρ3 /ˆα⊥γ5B + gV B¯ /ˆα‖B
− g1FpiB¯B + g2FpiB¯ρ3B − im0B¯ρ2γ5B , (3.6)
where B = (B1, B2)
T denotes the nucleon doublet in the
chiral eigenstate, the ρi are the Pauli matrices in the
parity pair space, and the mass parameters g1,2 and m0.
Implementing the dilaton field, one obtains
LN =B¯i /DB + gAB¯ρ3 /ˆα⊥γ5B + gV B¯ /ˆα‖B
− g1
√
κχB¯B + g2
√
κχB¯ρ3B − im0 χh
Fχh
B¯ρ2γ5B ,
(3.7)
where we require that the (broken) scale symmetry is
possessed by the hard dilaton in the last term since the
nucleon mass becomes m0 at chiral symmetry restora-
tion and can be traced back to the non-vanishing gluon
condensate in symmetric phase. In this way we are at-
tributing the origin of m0 to the hard component of the
gluon condensate, which is chiral invariant. Of course the
origin of m0 could be something else but at this moment,
we have no idea as to what that could be.
We linearize the Lagrangian in terms of Σ = Uχ
√
κ
and the new nucleon fields introduced by
ψ1,2 =
1
2
[(
ξ†R + ξ
†
L
)
± γ5
(
ξ†R − ξ†L
)]
B1,2 . (3.8)
As in the “naive” model, singularities are present in the
terms carrying the same factor:
XN = gV − gA , Xχ = 1− κ . (3.9)
The dilaton limit is therefore unchanged by the mirror
baryons and, adapting to the sum rules in large Nc, one
arrives at
κ = 1 , gV = gA = 1 . (3.10)
This leads to the linearized baryonic Lagrangian as
LN = ψ¯i/∂ψ − g1
2
ψ¯
[(
Σ+ Σ†
)
+ ρ3γ5
(
Σ− Σ†)]ψ
+
g2
2
ψ¯
[
ρ3
(
Σ+ Σ†
)
+ γ5
(
Σ− Σ†)]ψ − im¯0ψ¯ρ2γ5ψ ,
(3.11)
6with m¯0 = (χh/Fχh)m0. The mass term is diagonalized
by the mass eigenstates of the parity doubled nucleons,
N+ and N− via(N+
N−
)
=
1√
2 cosh δ
(
eδ/2 γ5e
−δ/2
γ5e
−δ/2 −eδ/2
)(
ψ1
ψ2
)
, (3.12)
with sinh δ = g1s/m¯0. The Lagrangian in this basis is
thus given by
LN =N¯ i/∂N − N¯ MˆN − g1N¯
(
Gˆs˜+ ρ3γ5iτ · ~˜π
)
N
+ g2N¯
(
ρ3s˜+ Gˆγ5iτ · ~˜π
)
N , (3.13)
where s˜ and π˜ are fluctuations around their expectation
values, the matrix Gˆ is defined by
Gˆ =
(
tanh δ γ5/ cosh δ
−γ5/ cosh δ tanh δ
)
, (3.14)
and the mass matrix Mˆ = diag(m+,m−) with
m± = ∓g2〈s〉+
√
(g1〈s〉)2 + m¯20 . (3.15)
Note that the new axial-coupling of the nucleon,
g¯A = tanh δ , (3.16)
is obtained and the corresponding Goldberger-Treiman
relation is satisfied: gpiN+N+ = g¯Am+/〈s〉.
The softening of EoS at large density in the mirror
model is quite similar to the case of the “naive” model.
The suppression of the vector coupling is of the same
form:
gV N = g (1− gV )→ 0 . (3.17)
That the quenching of the short-range repulsion is in-
dependent of the chirality assignment of the nucleon is
indicative of a universality of the short-distance inter-
action. Now the consequence on this coupling will be
sensitive to how chiral symmetry is restored in the given
scenario. In the “naive” HLS theory, the chiral symme-
try is restored as the VM characterized by the fixed point
of renormalization group equations, g → 0 and a → 1,
which leads to the massless vector meson as the chiral
partner of the pion [4], and remains so in the presence
of constituent quarks (or fermions in the “naive” assign-
ment). It is not obvious in the mirror model that in the
region where the linearized model describes the melting
chiral condensate, 〈s〉 → 0, the dropping HLS gauge cou-
pling remains the fixed point. Nevertheless, one would
expect in the mirror case as well a reduced g before reach-
ing the dilaton limit as a tendency of the VM. Therefore,
the gV N could also be thought to be weakened toward
the restoration point, leading to a softer EoS of dense
matter in an analogous way.
It seems natural to expect that the source for non-
zero m0 is in the hard dilaton condensate so far ignored
in dealing with the part of the nucleon mass dynami-
cally generated. How large is m0 at the chiral symmetry
restoration? Here we make a rough estimate from ther-
modynamic considerations.
Assuming a second-order chiral phase transition, i.e.
〈s〉 ∼ 0, thermodynamics around the critical point is de-
scribed by the following potential under the mean-field
approximation:
Ω = 8
∫
d3p
(2π)3
T [ln (1− n0) + ln (1− n¯0)]
+ V (χh)−
∫
d3p
(2π)3
T ln (1 + nh) , (3.18)
where V is the potential for the hard dilaton given by
V =
1
4
Bh
(
χh
Fχh
)4 [
ln
(
χh
Fχh
)4
− 1
]
, (3.19)
and the statistical distribution functions are
n0 =
1
e(E0−µ)/T + 1
,
n¯0 =
1
e(E0+µ)/T + 1
,
nh =
1
eEh/T − 1 . (3.20)
The energy E =
√
~p2 +m2 of the corresponding parti-
cles is given for the parity doubled nucleons with m± =
m¯0 = m0 (χh/Fχh), and for the hard dilaton with its
mass introduced by
m2χh =
∂2V
∂χ2h
= Bh
(
χh
Fχh
)2
1
F 2χh
[
3 ln
(
χh
Fχh
)4
+ 4
]
.
(3.21)
In what follows, we restrict our analysis to a hot system
at zero chemical potential where gluodynamics is well
guided by lattice QCD. One obtains the gap equation for
a nontrivial χh from the stationary condition,
∂Ω
∂χh
= 0,
as
16
∫
d3p
(2π)3
m20
E0
n0 +Bh
(
χh
Fχh
)2
ln
(
χh
Fχh
)4
+
∫
d3p
(2π)3
Bh
EhF 2χh
[
3 ln
(
χh
Fχh
)4
+ 10
]
nh = 0 . (3.22)
The gluon condensate calculated on a lattice in the pres-
ence of dynamical quarks is known to be [12]
〈GµνGµν〉Tch ≃
1
2
〈GµνGµν〉T=0 , (3.23)
at pseudo-critical temperature Tch ∼ 170 MeV. We thus
adopt the bag constant and mass for the hard dilaton as
Bh(Tch) =
1
2
B(T = 0) , m2χh =
1
2
m2G , (3.24)
7using the bag constant B and the glueball mass mG
in vacuum. With the empirical numbers for those pa-
rameters, 〈GµνGµν〉T=0 = 0.0012 GeV4 [32], B =
(0.4GeV)4 [33] and mG = 1.7 GeV [34], Eqs. (3.21)
and (3.22) determine m0 for a given Fχh . In QCD trace
anomaly exists at higher temperature and thus the ex-
pectation value of χh is supposed to be fairly close to Fχh .
To make a rough estimate, we take 〈χh〉 = 0.99Fχh . This
givesm0 = 210 MeV as a solution favored thermodynam-
ically. This is in agreement with the estimate made in
vacuum phenomenology [23]. The nucleon in the mirror
model stays massive at chiral symmetry restoration, so a
different EoS from that in the “naive” model would be
expected. This issue and more realistic estimate of m0
will be reported in a subsequent publication.
4. MIXING BETWEEN QUARKONIUM AND
TETRAQUARKS
In taking the dilaton limit, we went from a low-density
state with the dilaton, a chiral singlet, to a high-density
state with the σ, the fourth component of the chiral four
vector. The former is appropriate for low-energy nuclear
physics resembling Walecka mean field model and the
latter is for chiral phase restoration. How this change-
over takes place is not explained. How can this happen
in the language of QCD?
In general, in the scalar sector of low-mass hadrons, we
expect to have scalar quarkonium, tetraquark states and
glueballs. They will naturally be all mixed. It is reason-
able to assume that the mixing between soft and hard
gluon sectors is negligible as is done in the dilaton po-
tential. The soft dilaton χs is invariant under the UA(1)
transformation, while the 2-quark and 4-quark states are
not. The entire dilaton, χs + χh, is chiral-singlet. Since
we are assuming no mixing between the soft and hard
dilatons, what we should consider is the mixing among
the 2-quark, 4-quark states and χs = χ. Once we make a
linearization with Σ = Uχ
√
κ, the scalar mode appearing
in the Lagraingian is a mixture of the quarkomium and
soft dilaton, and we cannot make a separation of them.
For simplicity, we will simply ignore this subtlety, and
consider the mixing between the quarkonium s and the
tetraquark fields ψ, thus restricting to a two-level system.
The relevant mesonic potential is [35, 36]
U = 1
2
m2ψψ
2 − hψ (s2 + ~π2)
− m
2
s
16F 2pi
(
s2 + ~π2
)2 [
1− 2 ln
(
s2 + ~π2
F 2pi
)]
, (4.1)
with h being the mixing strength of s and ψ fields. Shift-
ing the fields around their expectation values, s0 and ψ0,
the potential reads
U = 1
2
m¯2ss
2 +
1
2
m2ψψ
2 − 2hs0sψ + · · · , (4.2)
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FIG. 2: A sketch of the behavior of mS (solid) and mH
(dotted) as functions of the chiral condensate s0. For an il-
lustrative purpose, the parameters are set to be h = 1 GeV,
ms = 1.2 GeV, mψ = 0.6 GeV, Fpi = 93 MeV.
where ellipses stand for the terms including the higher
fields than cubic, and
m¯2s = m
2
s
s20
F 2pi
[
1 + 3 ln
(
s0
Fpi
)]
− 2hψ0 . (4.3)
The quadratic term thus becomes
U (2) = 1
2
(s , ψ)
(
m¯2s −2hs0
−2hs0 m2ψ
)(
s
ψ
)
. (4.4)
The mass eigenstates are introduced with a rotation ma-
trix as (
S
H
)
=
(
cos θ sin θ
− sin θ cos θ
)(
s
ψ
)
, (4.5)
with the angle
tan (2θ) =
4hs0
m2ψ − m¯2s
. (4.6)
The masses of scalar mesons are give by
m2S = m¯
2
s cos
2 θ +m2ψ sin
2 θ − 2hs0 sin(2θ) ,
m2H = m
2
ψ cos
2 θ + m¯2s sin
2 θ + 2hs0 sin(2θ) . (4.7)
Fig. 2 shows a schematic structure of the masses ver-
sus the chiral condensate. One observes a level crossing
between the two scalar states when θ = π/4. The two-
quark component of mS gets more dominant for smaller
s0 and eventually the S state becomes massless at chiral
symmetry restoration whereas mH is dominated by the
four-quark state and stays massive.
We should point out several caveats in the reasoning
given above.
This consideration can be only qualitative since due to
the specific form of the dilaton potential, the models gives
a first order transition. In fact, mS(s0) is non-monotonic
and becomes unphysical below s0 = 68.9 MeV within
8the above setup. What we must have is a second-order
with scalars at finite T and/or µ. Therefore, the current
dilaton potential needs to be modified in the presence of
matter where a temperature and a chemical potential are
additional scales responsible for the trace anomaly, other
than ΛQCD.
The mixing strength h may be determined in matter-
free space with the known spectroscopy for the scalars.
This requires us to extend the model to three flavors,
which is beyond the scope of the paper and will be re-
ported elsewhere.
5. ROLE OF AXIAL-VECTOR MESONS
Up to this point we have ignored the axial-vector
mesons that figure in the mended symmetry. As long
as their masses are greater than the masses of other
mesons, the axial-vector mesons can be integrated out.
However the mended symmetry of Weinberg implies that
all mesons within the given multiplet become degenerate,
and massless when the chiral symmetry is restored. At
that point one must deal with the axial-vector mesons
on the same footing with the others. In this section, we
give a brief discussion of how the axial vector mesons can
be incorporated into the HLS framework. Incorporating
baryons, both in the “naive” assignment and in the mir-
ror assignment, is straightforward and hence will not be
explicited.
Axial-vector mesons are introduced by generalizing
Hlocal to Glocal (GHLS) so that the entire symmetry of
the theory becomes Gglobal×Glocal [25, 37]. The Maurer-
Cartan 1-forms are defined by
αˆµL,R = D
µξL,R · ξ†L,R/i , αˆµM = DµξM · ξ†M/(2i) ,(5.1)
where U = ξ†LξMξR and the covariant derivatives of
ξL,R,M are given by
DµξL = ∂µξL − iLµξL ,
DµξR = ∂µξR − iRµξR ,
DµξM = ∂µξM − iLµξM + iξMRµ , (5.2)
with the GHLS gauge bosons, Lµ and Rµ, identified with
the vector and axial-vector mesons as Vµ = (Rµ +Lµ)/2
and Aµ = (Rµ − Lµ)/2. Imposing the Weinberg sum
rules #9, the Lagrangian of the meson sector is given
by [39]
LM = aF 2
(
tr [αˆ⊥µαˆ
µ
⊥] + tr
[
αˆ‖µαˆ
µ
‖
])
+ cF 2tr [αˆMµαˆ
µ
M ]
− 1
2g2
tr [VµνV
µν ] − 1
2g2
tr [AµνA
µν ] , (5.3)
#9 This corresponds to the theory space locality [38], i.e. the mixing
of left and right chirality is generated only through gauge bosons.
with a dimension-1 parameter F , two dimensionless ones
a and c and αˆµ‖,⊥ =
(
ξM αˆ
µ
Rξ
†
M ± αˆµL
)
/2 . No new ingre-
dients are introduced in coupling to nucleons, so we will
focus on mesons only.
Fields for three types of Nambu-Goldstone (NG)
bosons, φσ, φ⊥ and φp, are introduced as
ξL,R = e
i(φσ∓φ⊥) , ξM = e
2iφp . (5.4)
Solving the π-A mixing the pion field φpi is found to be
the combination
φpi = φ⊥ + φp , (5.5)
while two remaining would-be NG bosons, φσ and
φq =
1
a+ c
(cφp − aφ⊥) , (5.6)
representing the longitudinal vector and axial-vector de-
grees of freedom, are absorbed into the ρ and a1. The
pion decay constant is given by
F 2pi =
ac
a+ c
F 2 . (5.7)
Following the same procedure carried out in Section 3,
the non-linear GHLS Lagrangian with introducing a soft
dilaton is transformed to its linearized form. Taking the
unitary gauge one obtains
LM + Lχkin = 1
4
tr
[
∂µΣ · ∂µΣ†
]
+
(a+ c)3
2ac
tr
[
ΣΣ†
]
tr [AµA
µ] +
a(a+ c)
2c
tr
[
ΣΣ†
]
tr [VµV
µ]
+
a(a+ c)
2ic
tr
[(
Σ∂µΣ
† +Σ†∂µΣ
)
V µ
]
− 1
2g2
tr [VµνV
µν ] − 1
2g2
tr [AµνA
µν ] . (5.8)
The vector meson masses in the mean field approximation
read
m2ρ =
a(a+ c)
c
g2〈s〉2 , m2a1 =
(a+ c)3
ac
g2〈s〉2 . (5.9)
When chiral symmetry restoration takes place, the ρ and
a1 mesons become massless as the chiral condensate is
melting, 〈s〉 → 0.
6. CONCLUSIONS
The basic premise in our line of thinking was that local
field degrees of freedom make sense – and hence the no-
tion of mended symmetry is applicable – up to the point
where the density-driven chiral phase transition takes
place. This would preclude strongly first-order transi-
tions or the total breakdown of description in terms of
quasiparticles – such as “hadron melting” – in the vicin-
ity of the transition. If it were so, our discussion would
9be of no meaning. At present, there are no indications
that enable us to make a firm statement on that.
Taking the dilaton limit a` la Beane and van Kolck on a
dilaton-implemented hidden local symmetry Lagrangian
that we identify with going to near chiral restoration den-
sity, we uncover a number of surprising results in both
“naive” and mirror models due to that vector mesons de-
couple from baryons. One important prediction is that
the repulsion at short distance in nuclear interactions
should get suppressed at a density in the vicinity of the
dilaton limit. Another hitherto unsuspected result is that
the symmetry energy which plays a crucial role in the
structure of compact stars also should get suppressed.
Put together, they will soften the EoS of compact-star
matter at some high density. An interesting possibility
is that our mechanism could accommodate an exotica-
free nucleon-only EoS (such as AP4 in Fig. 3 of [43])
with a requisite softening at higher density that could be
compatible with the 1.97±0.04M⊙ neutron star data [3].
Now what is known about the mysterious repulsive
core?
It is well-established in matter-free space that there is
a strong repulsion between two nucleons. In fact, it is
confirmed in lattice gauge calculations [40]. And there
are evidences from NN scattering. However the mecha-
nism of the two-body repulsion is mysterious and remains
unexplained. It could be a Pauli-exclusion principle ef-
fect at the quark level or topological effect in terms of
the baryon-number-2 soliton etc. In effective field the-
ory, it can be explained in terms of an ω exchange. In
fact a similar structure is seen in holographic QCD mod-
els where an infinite tower of vector mesons figure [41].
There is no lattice information for three-body forces but
model considerations predict similar repulsion for them
as well.
When it comes to nuclear matter and denser matter,
the situation is totally unclear. What one has learned
from nuclear structure studies is that the “hard core” is
not a physical observable in medium, that is, it is not visi-
ble. It is shoved under what is known as “short-range cor-
relation.” In fact, nuclear structure approaches anchored
on effective field theory and renormalization group show
that the “hard-core” repulsion present in two-nucleon
potentials plays no role in low-energy physical observ-
ables [42].
What we find in our model is a surprisingly simple
mechanism for taming the hard core in many-body sys-
tems. Within the field theory framework we are working
with, the short-distance repulsion is suppressed in the
background or “vacuum” defined by density. We cannot
say whether and how this mechanism can be related to
the “short-range correlation” of nuclear physics, but it
offers a possible way to understand it from the mended
symmetry point of view.
Our main observation on the suppressed repulsive in-
teraction is a common feature in the two different as-
signments, “naive” and mirror, of chirality. The nucleon
mass near chiral symmetry restoration exhibits a strik-
ing difference in the two scenarios, and the EoS in the
mirror model is supposed to be stiffer than that in the
“naive” model. How the dilaton-limit suppression of the
repulsion – which seems to be universal independent of
the assignments but may manifest itself differently in the
two cases – will affect the EoS for compact stars is an
interesting question to investigate.
Finally some comments on the nature of the dialton
at low and high densities. We have assumed that taking
the dilaton limit effectuates a level crossing between two
(or three) levels in such a way that at low density the
relevant scalar degree of freedom is a low-mass (∼ 600
MeV) chiral singlet effective for binding in nuclei and
at high density it is the σ, the 4-th component of the
chiral four vector for Nf = 2, effective in “mending”
the relevant symmetry. How this can happen has been
studied in certain simple models [36] but it is highly likely
that the physics involved in such change-over is a lot
more intricate. This is evidenced by the indication that a
level crossing of a similar nature occurs in scalar channel
if one varies the number of colors (Nc) [44]. A proper
understanding will require correlating these and possibly
other mechanisms involved in the change-over.
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